The Zaire Ebola virus (EBOV) protein VP35 is multifunctional; it inhibits IFN-a/b production and functions as a cofactor of the viral RNA polymerase. Mass spectrometry identified the double stranded RNA binding protein 76 (DRBP76/NFAR-1/NF90) as a cellular factor that associates with the VP35 C-terminal interferon inhibitory domain (IID). DRBP76 is described to regulate host cell protein synthesis and play an important role in host defense. The VP35-IID-DRBP76 interaction required the addition of exogenous dsRNA, but fulllength VP35 associated with DRBP76 in the absence of exogenous dsRNA. Cells infected with a Newcastle disease virus (NDV)-expressing VP35 redistributed DRBP76 from the nucleus to the cytoplasm, the compartment in which EBOV replicates. Overexpression of DRBP76 did not alter the ability of VP35 to inhibit type I IFN production but did impair the function of the EBOV transcription/replication complex. These data suggest that DRBP76, via its association with VP35, exerts an anti-EBOV function.
The Ebola virus (EBOV) protein VP35 is of interest because it carries out multiple functions thought to be essential for virus replication and virulence. It functions as a viral polymerase cofactor, an inhibitor of IFN-a/b production, an inhibitor of protein kinase R (PKR) and an inhibitor of RNA interference [1] [2] [3] . VP35 inhibits IFNa/b production by impairing the RIG-I pathway [4] [5] [6] [7] [8] [9] , and studies on recombinant EBOVs encoding mutant VP35 proteins demonstrate that this IFN antagonist function is critical for efficient virus replication and virulence in vivo [9, 10] . Several mechanisms likely contribute to VP35 suppression of RIG-I signaling [5, 7, 8, 11] . Of note, VP35 binds dsRNA, and this activity correlates well with VP35 IFN antagonist function [5, 9, 11] .
VP35 is also an essential component of the EBOV RNA polymerase complex [12] [13] [14] . The functional viral complex requires the EBOV nucleoprotein (NP), VP35, VP30 and the large protein (L), the catalytic subunit of the polymerase [12, 13] . In this complex, VP35 interacts with both L and NP, and these interactions are required for viral transcription and replication [15] [16] [17] .
Recently, structural analysis identified multiple, functionally important regions within the VP35 carboxyterminal domain, referred to as the interferon-inhibitory domain (IID). These include regions critical for VP35 interactions with dsRNA, inhibition of IFN-a/b production and for interaction with NP [11, 18, 19] . A ''central basic patch'' was found to make contacts with the phosphodiester backbone of dsRNA, and a hydrophobic pocket ''end-caps'' the blunt ends of dsRNA. Mutations within either the central basic patch or the end-cap abrogated VP35-dsRNA binding and severely attenuated VP35 inhibition of IFN-a/b production. These mutations did not, however, significantly alter VP35 polymerase co-factor function [9, 11] . In contrast, a separate basic patch, the ''first basic patch,'' was critical for VP35-NP interactions and for VP35 polymerase cofactor function but not IFN-antagonist function [11, 16, 18] .
Several reports describe interactions between VP35 and host cell proteins. VP35 interacts with TBK-1 and IKKe, disrupting their interactions with IRF-3 and IRF-7 [8] . Separate studies found that VP35 interacts directly with IRF-7 and with PIAS-1 [7] and with the cytoplasmic dynein light chain 8 [20] . Because the VP35-IID carries out multiple critical functions, we sought to identify IID interacting cellular proteins. We demonstrate that VP35 associates, via its IID, with double stranded RNA binding protein 76 (DRBP76, also known as TCP80, MPP-4, NFAR-1 or NF90 [21] ), one of several isoforms derived from the interleukin enhancer binding factor 3 (ILF3) gene [22, 23] . DRBP76 has been described to interact with viral proteins, with viral RNAs, with the interferon induced antiviral kinase PKR and to inhibit the replication of several viruses [21, [24] [25] [26] . Here DRBP76 is found capable of inhibiting EBOV polymerase function.
METHODS

Cells and Viruses
Both 293T and Vero cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum. Sendai virus strain Cantell and recombinant Newcastle disease viruses expressing EBOV VP35 or firefly luciferase were propagated in 10-day old embyonating chicken eggs and have been previously described [27] .
Maltose Binding Protein (MBP)-Fusion VP35 IID and VP35 IID Protein Expression and Purification
MBP-fusion VP35 IID proteins were expressed and purified as described previously [18] . 
Immunofluorescence
Vero cells were plated onto 12-mm-diameter glass coverslips. The next day, the cells were infected with NDV-VP35 or NDV-Luc. Twenty four hours postinfection, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton-X100 detergent for 10 minutes, blocked in PBS containing 4% normal goat serum and 2% BSA and then incubated with mouse anti-DRBP76 and a NDV polyclonal rabbit anti-NP for 1 hr. Next, the coverslips were incubated with a secondary rhodamine red-x-affinipure goat a-mouse IgG (Jackson), and an alexa 488 goat a-rabbit secondary (Invitrogen) for 30 minutes. To visualize nuclei, Hoechst 33342 (Molecular Probes) was added to one of the final washes. The coverslips were mounted with prolong gold antifade (Invitrogen) and imaged on a DM6000 microscope at the MSSM microscope facility.
IFN-b-luciferase Reporter Assay
Reporter gene assays to measure activation of the IFN-b promoter by SeV have been described [5, 11, 16] .
EBOV Transcription/Replication Assay
The EBOV transcription/replication assay used has been previously described [9, 11, 16] .
Stable Cell Lines and EBOV Infection
293T cells were transfected with a pKLO.1 lentivirus vector encoding either a scrambled shRNA (a gift from Tia Rai [28] ) or a shRNA targeting the 3' UTR of DRBP76 (Open biosystems, cat# RHS3979-9582267). Transfected cells were selected with and maintained in puromycin. Each cell line was infected with Zaire ebolavirus expressing GFP as indicated and GFP expression was quantified by flow cytometry.
RESULTS
The Interferon Inhibitory Domain (IID) of EBOV VP35 Associates With DRBP76 in the Presence of polyI:C (pIC)
To identify proteins that associate with wild-type or mutant forms of EBOV VP35-IID, MBP alone or MBP-IIDs, purified as described [18] , were incubated with lysates from 293T cells or with lysis buffer ( Figure 1A ). After washing, material was eluted and analyzed by SDS-PAGE and coomassie blue staining ( Figure 1B ). MBP-VP35-IID did not visibly associate with any cellular protein when compared to control lanes ( Figure 1B compare lane 10 to lane 1, 2, and 9). Because VP35 binds dsRNA, MBP-VP35-IID's were also incubated with cell lysates in the presence of pIC. This resulted in the coprecipitation of unique bands in the MBP-IID1pIC samples. These bands were not present in the MBP (1) pIC or MBP-IID (--) pIC samples (compare lane 11 to lanes 9 and 10). Mass spectrometry identified the band labeled ''3'' as double stranded RNA binding protein 76 (DRBP76, also referred to as NF90 or NFAR-1, Figure 1B ). Additionally, we identified RNA Helicase A, and nucleolin in this lane ( Figure 1B , labeled as 1 and 2 respectively). The DRBP76 interaction was examined further because of its role in host defense against multiple viruses [21] . Figure 1C depicts the individual peptides identified from the mass spectrometry analysis from Figure 1B . The MBP-VP35-IID association with DRBP76 was also confirmed by western blot ( Figure 1D ). To further address the role of dsRNA in the IID-DRBP76 interaction, pull-downs were also performed with two IID central basic patch mutants, R312A and K339A, which lack dsRNA binding activity. These mutations abolished the association between the MBP-IID and DRBP76 in the presence of pIC ( Figure 1B, lanes 12-15) further supporting a role for dsRNA binding in the VP35-IID -DRBP76 association. (2) of pIC. Unique bands (labeled 1, 2, and 3) were excised and analyzed by mass spectrometry. Results from the protein database search indicated that protein bands 1, 2, and 3 corresponded to RNA Helicase A, nucleolin, and DRBP76 (also known at NFAR-1 and NF90), respectively. C, Primary sequence of the DRBP76 isoform described previously [26] . The underlined regions indicate the enzymatically digested peptides identified by tandem mass spectrometry. The bold-italic region represents the peptide sequence used to generate a DRBP76 specific antibody used in (D ) that is common to 2 of the 6 isoforms. D, Western blot analysis from the same material used in (B) probed with an anti-DRBP76 antibody.
Longer VP35 Constructs Bind DRBP76 in the Absence of dsRNA
We next tested this interaction with a MBP fused to VP35 residues 56-340, which includes both the IID and the coiled-coil domain of VP35 (Figure 2A ). DRBP76 associated with this larger MBP-VP35 fusion in the absence of pIC ( Figure 2B ). Additional pull downs were performed with MBP-fusions to either full-length VP35 constructs or to constructs encoding amino acids 58-340 (Figure 2A ) that had mutations in either the central basic patch or first basic patch ( Figure 2C ). The first basic patch mutants (R225A, K248A, K251A), which retain the ability to bind dsRNA, retained interaction with DRBP76. Interestingly, a full length construct with a mutation in the central basic patch that abrogates dsRNA binding (VP35 R312A) was still able to associate with DRBP76. However, two other central basic patch mutants (R322A and K339A) either had reduced or no association with DRBP76 ( Figure 2C) . We also transfected a full length plasmid expressing Flag tagged VP35 and could detect interactions with full length DRBP76, but not with a Flag-GFP ( Figure 2D ). This suggests that DRBP76 may not require dsRNA binding to interact with VP35, but that dsRNA binding likely contributes to the interaction.
Newcastle Disease Virus-Expressing VP35 Relocates Endogenous DRPB76 from the Nucleus to the Cytoplasm While VP35 and the remainder of the EBOV replication machinery localize to the cytoplasm, DRBP76 is predominately nuclear [26] . To address the possible impact of VP35 on DRBP76 subcellular localization, Vero cells were infected with recombinant Newcastle disease viruses that express either luciferase (NDV-Luc) or VP35 (NDV-VP35) [27] (Figure 3A ) at a multiplicity of infection of 0.5 and then stained for the NDV nucleoprotein, DRBP76 and nuclei at 24 hours post-infection ( Figure 3) . In mock infected cells DRPB76 was predominately nuclear with punctuate cytoplasmic staining, consistent with previous reports [26] . Cells infected with NDV-Luc showed modest relocalization of DRBP76 from the nucleus to the cytoplasm compared to mock infected cells ( Figure 3B ). In contrast, NDV-VP35 infected cells triggered an additional increase in the amount of cytoplasmic DRBP76 ( Figure 3B ). This redistribution appears to require infection as well as VP35 expression since transfection of a VP35 expression plasmid did not result in reproducible relocalization of the endogenous protein (data not shown).
Overexpressed DRBP76 Does Not Alter the Ability of VP35 to Inhibit IFN-b Promoter Activity VP35 inhibits RIG-I dependent signaling via its IID [5, 7, 11] . Because DRBP76 associates with the IID domain of VP35 (Figures 1 and 2) , we tested if DRBP76 perturbs the ability of VP35 to antagonize IFN-b promoter activation. SeV-induced IFN-b promoter driven reporter gene expression is potently block in the presence of VP35 (Figure 4) . When a Flag-tagged full length DRBP76 was overexpressed, VP35 inhibition of IFN-b promoter activation was unaffected, even at low concentrations of a VP35 plasmid (25ng) relative to higher concentrations of DRBP76 (750ng) (Figure 4 ).
Overexpressed DRBP76 Inhibits the EBOV Polymerase
VP35 also functions as a viral polymerase cofactor. To determine if DRBP76 affects EBOV transcription/replication, DRBP76 was overexpressed in the context of a well characterized EBOV polymerase (minigenome) assay [12] . Figure 5A illustrates the effect of DRBP76 on EBOV minigenome activity. At very low doses of DRBP76 (10 and 50 ng) there is a minor inhibition of the EBOV minigenome polymerase activity, but at 250ng of DRBP76 there is potent inhibition of activity as indicated by the dramatic and specific decrease in expression of viral polymerasedependent reporter gene expression ( Figure 5A ). Representative western blots indicate that VP35 expression levels are similar for each group ( Figure 5B ). Overexpressed GFP had no effect on activity, demonstrating the specificity of the DRBP76 effect ( Figure 5C ), and both VP35 and NP levels remain constant in the presence of overexpressed DRBP76 ( Figure 5D ).
Overexpressed DRBP76 Disrupts VP35-NP Interaction
In the viral replication complex, VP35 must interact with NP and L. To test if DRBP76 disrupts VP35-NP interaction, the viral polymerase complex was reconstituted by transfection in the presence of overexpressed DRBP76, and the status of VP35-NP interaction was assessed. Overexpression of DRBP76 once again inhibited EBOV minigenome activity, but the GFP control did not ( Figure 6A ). Immunoprecipitation of VP35 with a VP35 monoclonal antibody pulled down roughly equivalent amounts of VP35 in each group ( Figure 6B) . However, the amount of NP that co-immunoprecipitated with VP35 was drastically reduced in the presence of overexpressed levels of DRBP76 ( Figure 6B ). This is in contrast to the VP35/NP ratio in the mingenome sample transfected with GFP alone. Figure 6C shows that the total levels of both VP35 and NP are similar in all groups. While there may be a slight reduction in VP35 and NP protein levels in the sample transfected with DRBP76, the VP35/NP ratio in the whole cell extract is similar between all the groups tested ( Figure 6C ). These data indicate that overexpression of DRBP76 disrupts VP35-NP interactions which correlates with impaired EBOV minigenome function.
Impact of DRBP76 Knockdown on EBOV Replication
To determine if endogenous DRBP76 modulates EBOV replication, we generated a 293T cell-based cell line stably incorporating a lentiviral vector expressing shRNA to DRBP76 Figure 4 . Overexpressed DRBP76 does not alter the ability of VP35 to inhibit IFN-beta reporter activity. An IFN-b promoter-firefly luciferase, and a CMV promoter-renilla luciferase were cotransfected with empty plasmid, a VP35 expression plasmid, or a DRBP76 expression plasmid. The next day, cells were either mock infected or infected with Sendai Virus (SeV) for 18 hours. Cells were lysed and the ratio of firefly luciferase to Renilla luciferase was determined. The positive control (SeV1empty plasmid) was set to 100%. ( Figure 7A ). Cells transfected with the shRNA to DRBP76 had reduced DRBP76 expression levels compared to scrambled shRNA control cells ( Figure 7B ). Both cell lines were infected with an EBOV expressing GFP at a multiplicity of infection (MOI) of 0.04 or 1.00, and virus growth was monitored by GFP expression. DRBP76 knockdown slightly increased virus replication at a MOI of 0.04, although this increase was small and could be overcome by increasing the MOI to 1.00. Even at a low MOI, the GFP expression in the DRBP76 knockdown cells eventually reached the same level as the control cell line by day 4 postinfection (Figure 7C ).
DISCUSSION
The VP35 IID is critical for the EBOV VP35 interaction with dsRNA and with NP, interactions important for its IFN antagonist and polymerase cofactor functions, respectively [9, 11, 16] . Because host cell factors that modulate EBOV replication are not well characterized, this study sought to identify host cell proteins that associate with the VP35-IID. DRBP76/NF90/ NFAR-1 was thereby identified as a VP35-IID interactor.
DRBP76 is a member of the dsRNA binding protein (DRBP) family. Additional family members include NF110/NFAR-2, PKR, PACT, ADAR, and DICER. DRBP76 regulates translation of host cell mRNAs, and has important functions in host defense for multiple viruses [21, 24, [29] [30] [31] [32] [33] [34] [35] [36] . DRBP76 binds both dsRNA as well as ssRNA with secondary structure and preferentially binds RNA encoding AU-rich elements (ARE's) [37] . While dsRNA enhanced DRBP association with MBP-VP35-IID, MBP-VP35 56-340 or a full-length VP35 pulled down DRBP76 in the absence of dsRNA. The role of dsRNA in this interaction requires further study. VP35 self associates to form oligomers through a coiled-coil domain located near its N-terminus (a.a. 82-118) [38] . It is possible that the truncated VP35-IID construct is unable to multimerize as the purified IID was monomeric in solution [18] . However, in vitro studies demonstrate that the IID forms tetramers on dsRNA [11, 19] . Therefore, it is possible that dsRNA promotes VP35-DRBP76 interaction via multimerization.
Given that EBOV replicates entirely in the cytoplasm, it was interesting to consider how VP35 would interact with a protein that is predominantly (but not exclusively) nuclear. We observed a VP35 dependent relocalization from the nucleus to the cytoplasm. The mechanism by which VP35 modulates DRBP76 cellular distribution remains to be defined. Based on a model by Harashima et al, activated PKR phosphorylates DRBP76 (and NFAR-2), resulting in its dislocation from NF45 and the sequestration of DRBP76 in the cytoplasm [29] . Therefore, NDV-induced activation of PKR could explain the modest redistribution of DRBP76 seen in the NDV-Luc-infected cells. However, given that VP35 is reported to inhibit PKR, it seems unlikely that PKR mediates the enhanced redistribution seen with the NDV-VP35 virus. Alternative hypotheses include a model where VP35 associates with newly synthesized or shuttling DRBP76 and prevents its nuclear transport. It will be of interest to determine whether EBOV infection also affects DRBP76 localization and whether this has implications for virus replication or host response to infection.
Overexpression of DRBP76 inhibited EBOV polymerase activity. Furthermore, DRBP76 overexpression perturbed the VP35-NP interaction required for transcription/replication [16] . Thus, DRBP76 might exert an EBOV antiviral mechanism or modulate viral polymerase function. Interestingly, partial knockdown of DRBP76 in 293T cells very slightly enhanced EBOV growth at a low MOI of 0.04. This difference was overcome at a higher MOI of 1.00. It is possible that a more complete DRBP76 knockdown would result in a more dramatic effect. Furthermore, knockdown of the NF110 isoform may also be required for a more dramatic effect to be observed, since the antiviral activity of DRBP76/NF90 and NF110 occurs by a similar mechanism [25, 29] . Therefore, the role of endogenous DRBP76 on EBOV replication requires further study. 
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